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Effect of component substitution on the atomic dynamics in glass-forming binary metallic melts
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We investigate the substitution of early transition metals (Zr, Hf, and Nb) in Ni-based binary glass-forming
metallic melts and the impact on structural and dynamical properties by using a combination of neutron scattering,
electrostatic levitation (ESL), and isotopic substitution. The self-diffusion coefficients measured by quasielastic
neutron scattering (QENS) identify a sluggish diffusion as well as an increased activation energy by almost a
factor of 2 for Hf35Ni65 compared to Zr36Ni64. This finding can be explained by the locally higher packing density
of Hf atoms in Hf35Ni65 compared to Zr atoms in Zr36Ni64, which has been derived from interatomic distances by
analyzing the measured partial structure factors. Furthermore, QENS measurements of liquid Hf35Ni65 prepared
with 60Ni, which has a vanishing incoherent scattering cross section, have demonstrated that self-diffusion of Hf
is slowed down compared to the concentration weighted self-diffusion of Hf and Ni. This implies a dynamical
decoupling between larger Hf and smaller Ni atoms, which can be related to a saturation effect of unequal
atomic nearest-neighbor pairs, that was observed recently for Ni-rich compositions in Zr-Ni metallic melts. In
order to establish a structure-dynamics relation, measured partial structure factors have been used as an input
for mode-coupling theory (MCT) of the glass transition to calculate self-diffusion coefficients for the different
atomic components. Remarkably, MCT can reproduce the increased activation energy for Hf35Ni65 as well as the
dynamical decoupling between Hf and Ni atoms.

DOI: 10.1103/PhysRevB.96.054201

I. INTRODUCTION

The investigation of the structure-dynamics relation in
metallic melts is essential to understand how the dynami-
cal behavior of individual alloy components are controlled
by structural differences on the atomic scale [1–8]. While
the systematic investigation in multicomponent systems is
complicated due to many different atomic species and, thus,
numerous different atomic-pair interactions, binary metallic
melts provide a unique opportunity to study dynamical and
structural properties in detail by measuring the self-diffusion
coefficients of individual alloy components as well as partial
static structure factors [9,10]. Within the framework of the
mode-coupling theory (MCT) of the glass transition, one
can establish a structure-dynamics relation and thus predict
transport properties, such as self-diffusion coefficients, using
static partial structure factors as an input [11]. This approach
has already been applied for Zr64Ni36 melts at a fixed
temperature where MCT predicts equal diffusion coefficients
of both Ni and Zr atoms [12]. This prediction has recently
been confirmed through radiotracer measurements [13]. In
order to investigate how the atomic dynamics of different alloy
components are correlated with variations in the short-range
order (SRO), it is necessary to compare MCT calculations with
measured self-diffusion coefficients, thus underscoring the
importance of experimentally determining the self-diffusion
coefficient of both atomic species in a binary melt.

An important question that we will address here is whether
different alloy components in the melt show the same dy-
namical behavior or exhibit a dynamical decoupling where
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the self-diffusion coefficient of one atomic species is different
from that of the other [14]. Two different cases of dynamical
decoupling in metallic melts have been reported. The first
one shows a different temperature dependence for different
atomic species close to the glass-transition temperature Tg

below the critical temperature Tc of MCT as, for example, in
the bulk metallic glass-former (BMG) Pd43Cu27Ni10P20 [15].
This “energetic decoupling” might be driven by strong changes
in the activation energy of diffusion coefficients and cannot be
explained by MCT since the temperature is below Tc. The
second decoupling effect results from a similar temperature
dependence for different atomic species, albeit with a different
absolute value of the diffusion coefficient. In contrast to the
first one, the latter effect can be explained by MCT and will be
discussed in this paper concerning the correlation to structural
features in the SRO for different alloy components.

Recently, the atomic dynamics of binary Zr-based glass-
forming melts have been investigated using quasielastic
neutron scattering (QENS) [16–19]. Substituting the late
transition metals (Ni, Co, and Cu) yields a similar temperature
dependence of the self-diffusion coefficients as well as a
similar activation energy for self-diffusion in the different
alloys. The difference in self-diffusion coefficients on the
absolute scale between various compositions is less than a
factor of 2 at the same temperature. However, in those studies
it was only possible to measure the self-diffusion coefficient of
the late transition metals (Ni, Co, and Cu) as Zr has a negligible
incoherent scattering cross section (σ inc

Zr = 0.02 barn) [20] and
thus the self-diffusion coefficient of Zr cannot be determined
in these alloy melts by using QENS.

Since our goal is to measure the self-diffusion coefficient
of both atomic species in binary metallic melts and compare
these results to MCT calculations, we substituted the early
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transition-metal Zr by Hf, which has, in contrast to Zr, a
non-negligible incoherent scattering cross section of σ inc

Hf =
2.6 barn [20]. Pure Hf and Zr are chemically similar since
they are in the same main group of the periodic table and
have approximately the same atomic size [21]. For this reason,
previous diffusion studies have employed Hf radiotracers as
substitutes for Zr atoms in Zr-based BMGs [22]. In the case
of Hf-Ni melts, this substitution allows us to investigate the
self-diffusion coefficient of both alloy components also by
QENS. For samples containing natural Ni (σ inc

Ni = 5.2 barn),
we measure a mean value of Ni and Hf self-diffusion.
Furthermore, replacing natural Ni with 60Ni allows us to
measure only the Hf self-diffusion coefficient since 60Ni has an
incoherent scattering cross section of zero. Thus, we can study
the relative dynamical behaviors of Hf and Ni and, if present,
the differences between them, such as dynamical decoupling.

This paper aims to address the following questions:
(1) Are the SRO and the atomic dynamics of Hf-Ni and

Zr-Ni melts similar or are there specific differences?
(2) Is it possible to identify structural properties that give

rise to describe the observed dynamical behavior?
(3) Is the MCT able to predict correctly the atomic dynamics

for different alloy components in Hf-Ni melts as previously for
Zr-Ni only by using measured partial structure factors as an
input?

II. EXPERIMENTAL DETAILS

An experimental challenge to performing neutron-
scattering experiments on Hf-based melts is the large ab-
sorption cross section of Hf (σ abs

Hf ≈ 295 barn at λ = 5.1 Å)
compared to that of Zr (σ abs

Zr ≈ 0.5 barn at λ = 5.1 Å) [20].
In order to obtain a high signal-to-background ratio from
the strongly absorbing sample, we used the novel approach
of combining neutron scattering with electrostatic levitation
[18]. The high signal-to-background ratio can be explained
by the absence of sample holders or crucibles in the vicinity
of the sample, which allows us to measure even strongly
absorbing systems with good data quality. To further reduce
the impact of absorption, we have chosen both a small sample
size of roughly 3 mm in diameter and a shorter incoming
neutron wavelength for the QENS experiments, in contrast to
the measurements on levitated Zr-Ni samples. Furthermore,
we focused on the Ni-rich composition Hf35Ni65 since the
absorption cross section of Ni (σ abs

Ni ≈ 13 barn at λ = 5.1 Å)
[20] is much smaller compared to that of Hf.

For investigating the atomic dynamics, we performed
QENS experiments at the chopper time-of-flight spectrometer
TOFTOF [23,24] at the research neutron source Heinz-Meier-
Leibniz (FRM-II). QENS probes the melt dynamics on a pico-
to nanosecond time scale, which is too short to be affected
by effects of macroscopic convective flow in the sample.
Measurements were performed at 1470, 1525, 1600, and
1645 K for Hf35

natNi65 and at 1470 and 1600 K for Hf35
60Ni65.

For the measurements at 1470 K for Hf35
natNi65 and at 1470

and 1600 K for Hf35
60Ni65, the employed wavelength was

λ = 5.1 Å, and the chopper speed was 12000 rpm, resulting in
an elastic instrumental energy resolution of roughly 100 μeV.
The 2θ range of the detector from 7◦ to 140◦ gives access to

a q range of 0.25–2.15 Å
−1

at zero energy transfer. For the
measurements at 1525, 1600, and 1645 K for Hf35

natNi65, a
different wavelength of λ = 4.4 Å was used with a chopper
speed of 18 000 rpm. At this setting, the instrumental energy
resolution remains unchanged, and the accessible q range at

zero energy transfer was 0.25–2.55 Å
−1

. The temperature of
the melt was measured using a single-color pyrometer with an
uncertainty of ±10 K. The temperature was calibrated at the
known liquidus temperature (T Hf35Ni65

L = 1463 K), assuming
that the emissivity remains constant [25].

For data treatment a normalization to a vanadium standard,
subtraction of background, and correction of self-absorption
was performed. A detailed description of data processing can
be found in Ref. [26]. Since coherent contributions from the
static structure factor Scoh(q) are negligible at low q (q <

1.4 Å
−1

), the dynamic signal is dominated by incoherent scat-
tering and thus reflects the self-diffusion of atoms in the melt.
Additionally, there is a dynamical restriction towards low-q
values if the quasielastic broadening is below roughly 10% of
the instrumental energy resolution and results in a minimum
value for the full width at half maximum (FWHM) in the dy-
namic structure factor S(q,ω) of 10 μeV. From this, we calcu-
late the lower limit for detectable relaxational dynamics to cor-

respond to q ≈ 0.7 Å
−1

as the broadening of the QENS peak
in S(q,ω) would be too small to be resolved at lower q values.

In the low-q range between 0.7 and 1.3 Å
−1

, the self-
diffusion coefficients can be determined from the intermediate
scattering function S(q,t), describing the density-density
correlation of the atoms in the melt [26]. This function is
described by an exponential decay,

S(q,t) = f0 exp[−t/τ (q)], (1)

where f0 is the amplitude and τ (q) is the structural relaxation
time. The obtained τ (q) follows a q−2 dependence, indicating
diffusive motion from which the self-diffusion coefficient D

can be derived according to

D = 1/[τ (q)q2], (2)

in the hydrodynamic limit q → 0 [27]. The self-diffusion
coefficients also were determined by fitting S(q,ω) with a
Lorentzian function. In the regime dominated by incoherent
scattering, the FWHM � of the Lorentzian is related to the self-
diffusion coefficient by the formula D = �(q)/(2h̄q2) [28,29].
The presented results for self-diffusion coefficients in this
paper represent mean values of both equivalent data analysis
procedures, and the results obtained from both procedures are
equal within the range of the measurement error.

The measured diffusion coefficient for Hf35
natNi65 repre-

sents an average from the self-diffusion coefficients DNi and
DHf where Ni contributions are dominant. With the incoherent
scattering cross sections σ inc

Ni = 5.2 and σ inc
Hf = 2.6 barn and

the corresponding concentrations c, the contribution of the
Ni atoms is estimated by (σ inc

Ni cNi)/(σ inc
Ni cNi + σ inc

Hf cHf) ≈ 80%
[20]. To measure the self-diffusion coefficient DHf

independently, we use a sample prepared with 60Ni without
any incoherent contributions from Ni (σ inc

60Ni = 0 barn) [20]. As
a result, it is possible to measure the weighted self-diffusion
coefficient of Ni/Hf as well as the Hf self-diffusion coefficient.
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Due to the high absorption of Hf and the low scattered intensity,
each measurement has been performed for slightly more
than 1 h in order to reduce the statistical error. For the
measurements of Hf35

60Ni65 it was necessary to increase the
measuring time to 5 h as the scattered intensity is reduced by
a factor of 5 compared to the sample prepared with natural Ni.
The loss of sample mass due to evaporation was determined
to be smaller than 2% during this extended processing. By
assuming that the evaporated material is mainly Ni [30], this
results in a change in the alloy composition of roughly 1 at. %.
Recently, it has been shown that for Zr-Cu and Zr-Ni melts
the concentration dependence of self-diffusion coefficients
is weak [16,31]. This leads to the conclusion that a change
in the alloy composition of roughly 1 at. % in Hf-Ni melts
has negligible impact on the atomic dynamics. This can be
confirmed by the fact that the measured spectra remained
unchanged during the complete measurement of a sample at
a given temperature within the statistical error.

Neutron-diffraction measurements were performed at the
high-intensity two-axis diffractometer D20 at the Institut Laue-
Langevin (ILL) with a wavelength of λ = 0.94 Å. The combi-
nation of neutron diffraction and isotopic substitution provides
the opportunity to determine partial static structure factors
by measuring three total structure factors of Hf35Ni65, each
representing a different scattering contrast. In this case, we
substituted three Ni isotopes with three different coherent scat-
tering lengths (60Ni, 58Ni, and natural Ni). The measured raw
data were corrected by background subtraction and accounting
for inelastic scattering, multiple scattering, and sample self-
absorption [32]. The detector efficiency and geometrical
effects were corrected using a vanadium measurement in the
same geometry since vanadium is a nearly perfect incoherent
scatterer resulting in a q-independent scattering signal. A
detailed description of the data treatment is given in Ref. [32].

III. RESULTS

A. Atomic dynamics

The normalized intermediate scattering function
S(q,t)/S(q,t = 0) for Hf35

natNi65 at 1470 K is shown
in the upper panel of Fig. 1 for two different q values. The
lower panel displays S(q,t)/S(q,t = 0) for Hf35

natNi65 and

Hf35
60Ni65 at 1470 K for q = 1.25 Å

−1
.

The parameter τ (q) was determined by an exponential
fit [see Eq. (1)] in the α-relaxation regime between 1 and
20 ps. The exponential function well describes the decay in
the experimental data despite the increased scatter of the data
compared to, e.g., Zr-Ni [31] or Zr-Cu [16] due to the large ab-
sorption cross section of Hf. In the fitting procedure, a stretched
exponential S(q,t) = f0 exp{−[t/τ (q)]β} with β as a free fit
parameter also was tested; however, there was no significant
effect on the fit quality and the resulting τ (q). For both fits
the calculated self-diffusion coefficient is equal within the
measurement error. Therefore, a single exponential function
was used that has the advantage of a reduced number of free
parameters. Deviations from the fit function around and below
1 ps are expected due to overlapping contributions of both fast
atomic vibrations and self-diffusion. In the lower panel for

Hf35
60Ni65 and Hf35

natNi65 at q = 1.25 Å
−1

the amplitude f0
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FIG. 1. Upper panel: Normalized intermediate scattering func-
tion S(q,t)/S(q,t = 0) for Hf35

natNi65 at 1470 K for two different

momentum transfers at q = 0.85 and 1.25 Å
−1

. The solid lines
represent the exponential fit. Lower panel: S(q,t)/S(q,t = 0) for

Hf35
natNi65 and Hf35

60Ni65 at 1470 K at q = 1.25 Å
−1

.

of the exponential fit is roughly equal within the range of the
measurement error, and deviations may arise from the normal-
ization with S(q,t = 0) due to the extrapolation to t = 0.

To derive the self-diffusion coefficients, 1/τ is plotted as
a function of q2 as shown in the upper panel of Fig. 2 for
Hf35

natNi65 and Hf35
60Ni65 at 1470 K.

A linear q2 dependence can be observed in the q range

between q = 0.7 and 1.3 Å
−1

where the incoherent contri-
bution is dominant. In order to determine the self-diffusion
coefficient D, a linear fit containing the origin (0,0) and

values between q2 = 0.56 and 1.69 Å
−2

was carried out based
on Eq. (2). This is corresponding to a constant 1/(τq2) as
a function of q2 as shown in the lower panel of Fig. 2.
The error of the self-diffusion coefficient is calculated from
the standard deviation of 1/(τq2) in the considered q range

between q2 = 0.56 and 1.69 Å
−2

. At higher q values, coherent
contributions become more and more dominant, and the values
deviate from the linear regression (see the upper panel of

Fig. 2). Due to the slow atomic dynamics below q ≈ 0.7 Å
−1

the relaxation time is much longer compared to the accessible
time window up to 20 ps in Fig. 1. Consequently, we cannot
accurately determine the relaxation time at these q values

and, as discussed before, we only use data for q > 0.7 Å
−1

to evaluate the self-diffusion coefficient.
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FIG. 2. Upper panel: Inverse structural relaxation time 1/τ vs q2

for Hf35
natNi65 and Hf35

60Ni65 at 1470 K. The solid lines represent

the linear fit using (0,0) and values between q2 = 0.56 and 1.69 Å
−2

(q = 0.7 and 1.3 Å
−1

). Lower panel: 1
τ (q)q2 vs q2 for Hf35

natNi65 and

Hf35
60Ni65 at 1470 K.

The measured self-diffusion coefficients for Hf35
natNi65

(blue crosses), Hf35
60Ni65 (pink triangles), and Zr36Ni64 [31]

(red circles) are shown in the upper panel of Fig. 3 and in
Table I.

The Ni/Hf self-diffusion coefficient weighted by concen-
tration and incoherent scattering cross sections measured
for Hf35

natNi65 is about a factor of 1.5 (1600 K) or 1.7
(1470 K), respectively, larger compared to the Hf self-diffusion
coefficient measured for Hf35

60Ni65. Since the Hf contribution
(≈20%) reduces the mean Ni/Hf self-diffusion coefficient
of the measurement with Hf35

natNi65, the pure Ni self-
diffusion is thus faster by roughly a factor of 2 compared
to the Hf self-diffusion. Such a dynamical decoupling be-
tween larger and smaller atoms has been observed recently
in radiotracer measurements for the multicomponent BMG
Zr46.75Ti8.25Cu7.5Ni10Be27.5 [14] as well as for the binary
glass-forming melt Zr36Ni64 [13].

The dashed lines in the upper panel of Fig. 3 represent
an Arrhenius fit D(T ) = D0 exp[−EA/(kBT )] where D0 is
the diffusivity at infinite temperatures, kB is the Boltzmann
constant, and EA is the activation energy. For Hf35

natNi65 we
obtain an EA for the mean Ni/Hf self-diffusion of (1.31 ±
0.06) eV. This value is nearly twice as large as for Zr36Ni64,
which exhibits an EA for Ni self-diffusion of (0.76 ± 0.11) eV
[31].
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FIG. 3. Upper panel: Self-diffusion coefficients for Zr36Ni64 [31],
Zr35.5Cu64.5 [16], Hf35

natNi65, and Hf35
60Ni65 measured by QENS.

Lower panel: Packing fraction for Zr36Ni64, Zr35.5Cu64.5, Hf35Ni65,
and Nb40.5Ni59.5 derived from macroscopic density measurements by
using the covalent radii for the calculation [21] and the following
parameters for the measured density of Nb40.5Ni59.5 [33]: ρ(T ) =
8.34–5.56 × 10−4(T − TL) g cm−3 with the liquidus temperature of
TL = 1448 K. The vertical line represents the average experimental
error.

In recent studies, differences in the dynamical behavior
among various alloy systems have been related to different
packing fractions where a denser atomic packing was used to
explain a slower self-diffusion [16,34,35]. In this manner, the
slowed-down diffusion for Zr36Ni64 compared to Zr35.5Cu64.5

(see the upper panel of Fig. 3) has been explained by the
roughly 5% higher packing fraction of Zr36Ni64 (see the
lower panel) [16]. When comparing the packing fractions of

TABLE I. Measured diffusion coefficient for Hf35
natNi65 and

Hf35
60Ni65.

T (K) D (10−9 m2 s−1)

Hf35
natNi65 1470 ± 5 0.44 ± 0.03

1525 ± 5 0.59 ± 0.08
1600 ± 5 0.97 ± 0.06
1645 ± 5 1.28 ± 0.10

Hf35
60Ni65 1470 ± 5 0.26 ± 0.03

1600 ± 5 0.65 ± 0.08
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FIG. 4. Measured total static structure factors for
Hf35

60Ni65, Hf35
natNi65, and Hf35

58Ni65 at 1510 and 1615 K.
The curves are shifted along the vertical axis.

Hf35Ni65 and Zr36Ni64, the differences are rather small, and
within the experimental error bars the packing fractions can be
considered as equal. Hence differences in the packing fractions
are not able to explain the significant differences in the atomic
dynamics between Zr-Ni and Hf-Ni. In order to understand
the structural reasons for the different dynamical behaviors on
a microscopic level, we measured the partial structure factors
for Hf35Ni65.

B. Short-range order

The measured total static structure factors for
Hf35

58Ni65,Hf35
natNi65, and Hf35

60Ni65 at 1510 and
1615 K are shown in Fig. 4.

The results illustrate the weak temperature dependence for
a temperature increase of 105 K. For comparison, in this
temperature interval, the diffusion coefficients change by about
a factor of 2.5. The measurement at lower temperatures shows
slightly stronger oscillations, however the differences are very
small. Partial static structure factors have been calculated
from the total static structure factors within the Faber-Ziman
and Bathia-Thornton formalisms, respectively [36,37] using
formulas,

S(q)FZ = c2
AbA

2

b2
SAA(q) + c2

BbB
2

b2
SBB(q)

+ 2cAcBbAbB

b2
SAB(q), (3)

and

S(q)BT = b
2

b2
SNN (q) + cAcB(bA − bB)2

b2
SCC(q)

+ 2(bA − bB)b

b2
SNC(q), (4)

TABLE II. Weightings of the partial structure factors in each of
the measured total S(q)’s.

b
2

b2

cAcB (bA−bB )2

b2

2(bA−bB )b

b2

c2
A

bA
2

b2

c2
B

bB
2

b2

2cAcBbAbB

b2

Hf35
58Ni65 0.934 0.066 1.039 0.563 0.047 0.324

Hf35
natNi65 0.983 0.017 0.544 0.500 0.081 0.402

Hf35
60Ni65 0.789 0.211 −1.719 0.128 0.281 0.380

A = Ni, B = Hf.

with concentration c and coherent scattering length b of atom
types A and B (b = cAbA + cBbB and b2 = cAb2

A + cBb2
B).

The weightings of the partial structure factors in each of the
measured total S(q)’s are shown in Table II.

The results are shown in Fig. 5. The measured partial
structure factors have been smoothed by using a slide average
function since MCT requires a minimum standard of input
data quality. The partial static structure factors for Zr36Ni64 at
1385 K are shown for comparison [38].

The Bathia-Thornton partial structure factors SNN of
Hf35Ni65 at 1510 K and Zr36Ni64 at 1385 K are roughly equal.
It was not possible to measure the two alloys at the same
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FIG. 5. Partial static structure factors calculated using the Faber-
Ziman and Bathia-Thornton formalism for Hf35Ni65 at 1510 and
1615 K and Zr36Ni64 at 1385 K [36,37]. The curves are shifted along
the vertical axis.
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FIG. 6. Pair-correlation functions for Hf35Ni65 and Zr36Ni64

calculated using the Bathia-Thornton and Faber-Ziman formalisms.
The curves are shifted along the vertical axis.

temperature due to the large difference in the liquidus temper-
ature of TL (T Hf35Ni65

L = 1463 K [25] and T
Zr36Ni64

L = 1343 K
[39]) and the limited undercoolability of the Hf35Ni65 melt.
Nevertheless, considering the small differences in SNN for
Hf35Ni65 at 1510 and 1615 K, i.e., the slightly reduced ampli-
tude of the oscillations caused by the temperature increase of
105 K, one might conclude that even at an equal temperature
for Hf35Ni65 and Zr36Ni64 SNN is similar, indicating a similar
topological SRO. The Bathia-Thornton partial structure factor
SCC , describing the chemical SRO (CSRO), shows strong
oscillations for both alloys, which implies a pronounced
chemical order. The amplitude of the oscillations observed
for Hf35Ni65 is slightly lower as compared with Zr36Ni64,
particularly in the q range of the second oscillation around

3 to 4 Å
−1

. The Bathia-Thornton partial static structure factor
SNC , which describes the correlation between number density
and chemical composition, is almost identical for all three
measurements. For a further analysis of the SRO, we have cal-
culated the Faber-Ziman partial static structure factors, which
describe the different contributions of each of the atomic pairs
(Ni-Ni, Hf/Zr-Ni, and Hf-Hf/Zr-Zr) to the total static structure

factor S(q). Partial pair-correlation functions were determined
through Fourier transformation of the partial static structure
factors. Results for Hf35Ni65 and Zr36Ni64 are plotted in Fig. 6.

The pair-correlation function gNiNi is almost identical for
both alloys. The first maximum of gZrNi is sharper compared to
gHfNi, which implies a broader distribution of Hf-Ni nearest-
neighbor distances in comparison to Zr-Ni distances. The fact
that the first maxima of gZrNi and gHfNi are larger than the
first maxima of gNiNi and gZrZr (gHfHf), respectively, implies
that heterogeneous nearest-neighbor pairs are preferred in
both alloy melts. The same conclusion can also be drawn
from the observation of the minima in the Bathia-Thornton
pair-correlation function gCC around 2.6 Å. Moreover, it is
remarkable that the first and second peaks of gHfHf are shifted to
smaller interatomic distances compared to gZrZr. This fact can-
not be explained by a temperature effect since the shift of the
first peak positions of gHfHf between 1510 and 1615 K is very
small in comparison to the difference between gHfHf and gZrZr.

For a more quantitative description, we have calculated
coordination numbers and nearest-neighbor distances. The
nearest-neighbor distances correspond to the positions of
the first maxima in the pair-correlation functions. The co-
ordination numbers have been determined by integrating
the first peak in the radial distribution function between
its first and second minima. The results are compiled in
Tables III and IV together with those for Zr36Ni64 [38] and
Nb40.5Ni59.5 [40]. The coordination numbers for Hf35Ni65

and Zr36Ni64 are equal within the error of the measurement,
which underlines a similar topological SRO for both alloys.
The SRO around larger Hf and Zr atoms, respectively, is
considerably different compared to smaller Ni atoms since the
partial coordination numbers for Hf (ZHfHf + ZNiHf ≈ 16) and
Zr (ZZrZr + ZNiZr ≈ 17), respectively, are larger in comparison
to Ni (ZNiNi + ZxNi ≈ 12). The most striking observations are
smaller nearest-neighbor distances dHfHf = 3.15 Å as well as
smaller second nearest-neighbor distances dHfHf,2 = 4.66 Å
(derived from the position of the second maximum in gHfHf)
at 1510 K compared to the distances of dZrZr = 3.31 and
dZrZr,2 = 5.02 Å. The smaller interatomic distance between
Hf-Hf compared to Zr-Zr might be interpreted as a locally
higher packing density of Hf atoms in Hf35Ni65 in comparison
to Zr atoms in Zr36Ni64. This may affect the dynamical
behavior leading to more sluggish diffusion in Hf35Ni65 and,
thus, a higher activation energy.

Despite the slightly different stoichiometry of the alloy,
we compare the results obtained for Hf35Ni65 and Zr36Ni64

with findings on the structure [40] and dynamics [41] for
the binary metallic melt Nb40.5Ni59.5, which shows a roughly
similar dynamical behavior compared to Hf35Ni65 (see Fig. 7).

TABLE III. Coordination numbers Zxy (x,y = Zr, Nb, Hf, and Ni) inferred from the partial pair-correlation functions. The average
coordination number 〈Z〉 has been inferred from Faber-Ziman partial coordination numbers.

x-Ni %Ni T (K) ZNN 〈Z〉 Zxx ZxNi ZNix ZNiNi Reference

Hf-Ni 65 1510 13.3 ± 0.5 13.2 ± 0.5 5.3 ± 0.5 5.6 ± 0.5 10.4 ± 0.5 6.2 ± 0.5 This paper
65 1615 13.1 ± 0.5 13.0 ± 0.5 5.5 ± 0.5 5.4 ± 0.5 10.1 ± 0.5 6.3 ± 0.5 This paper

Zr-Ni 64 1385 13.8 ± 0.5 13.8 ± 0.5 6.2 ± 0.5 5.9 ± 0.5 10.4 ± 0.5 6.3 ± 0.5 [38]

Nb-Ni 59.5 1495 14.3 ± 0.5 14.4 ± 0.5 6.4 ± 0.5 6.6 ± 0.5 9.6 ± 0.5 6.8 ± 0.5 [40]

x = Hf,Zr, or Nb.
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TABLE IV. Nearest-neighbor distances dxy (x,y = Zr, Nb, Hf, and Ni) inferred from the partial pair-correlation functions.

x-Ni %Ni T (K) dNN (Å) dxx (Å) dxNi (Å) dNiNi (Å) dxx,2 (Å) Reference

Hf-Ni 65 1510 2.62 ± 0.02 3.15 ± 0.02 2.65 ± 0.02 2.56 ± 0.02 4.65 ± 0.10 This paper
65 1615 2.62 ± 0.02 3.18 ± 0.02 2.66 ± 0.02 2.56 ± 0.02 4.71 ± 0.10 This paper

Zr-Ni 64 1385 2.63 ± 0.02 3.31 ± 0.02 2.70 ± 0.02 2.51 ± 0.02 5.02 ± 0.10 [38]

Nb-Ni 59.5 1495 2.61 ± 0.02 3.00 ± 0.02 2.64 ± 0.02 2.51 ± 0.02 4.63 ± 0.10 [40]

x = Hf, Zr, or Nb.

In addition, partial static structure factors for Nb40.5Ni59.5

have been measured previously [40], and we are thus able
to analyze structural features in detail. Remarkably, the Ni
self-diffusion coefficient of Zr36Ni64 is greater as compared to
that in Nb40.5Ni59.5 (see Fig. 7), although the packing fraction
of Zr36Ni64 is slightly higher in comparison to Nb40.5Ni59.5

(≈1%) (see the lower panel of Fig. 3) [33]. This finding is
obviously at odds with the assumption that a higher atomic
packing fraction generally results in slowed-down diffusion.
Therefore, the sluggish dynamics in Nb40.5Ni59.5 cannot be
explained by overall average packing fraction arguments, and
the SRO of individual atomic species need to be analyzed.
For this reason, we studied the previous features concerning
sluggish diffusion due to locally higher packing of the larger
atomic species for Nb40.5Ni59.5 as well. In order to account
for the smaller atomic radius of the early transition-metal Nb
in Nb40.5Ni59.5 compared to Zr and Hf [21], we analyze the
difference between the measured interatomic distance dxx in
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FIG. 7. Self-diffusion coefficients for Zr36Ni64 [31], Nb40.5Ni59.5

[41], Hf35
natNi65, and Hf35

60Ni65 measured by QENS (open sym-
bols). Calculated self-diffusion coefficients of Ni and Hf by MCT
for Hf35Ni65 from measured partial static structure factors (green full
symbols).

the alloy melt (see Table IV) and twice of the Goldschmidt
radii [42] 2rx

G of the pure elements (x = Zr, Hf, and Nb). The
smaller the difference, the denser the local packing of the
atomic species x in the alloy melt compared to the monoatomic
melt. We obtain

�dZrZr = dZrZr − 2rZr
G = 0.11 Å,

�dNbNb = dNbNb − 2rNb
G = 0.06 Å,

�dHfHf = dHfHf − 2rHf
G = −0.01 Å,

�dZrNi = dZrNi − (
rZr

G + rNi
G

) = −0.15 Å,

�dNbNi = dNbNi − (
rNb

G + rNi
G

) = −0.08 Å,

�dHfNi = dHfNi − (
rHf

G + rNi
G

) = −0.18 Å.

The differences of the heterogeneous interatomic distances
�dZrNi, �dNbNi, and �dHfNi are smaller than zero, which
implies an affinity of unequal nearest neighbors in all three
alloy melts. This finding can be explained by strong inter-
actions between unequal atomic components, which lead to
shorter interatomic distances in the alloy melts compared to
interatomic distances in the monoatomic systems. Since the
difference �dZrZr for Zr36Ni64 is slightly larger in comparison
to �dHfHf, this finding indicates a less-dense packing for Zr
atoms in Zr36Ni64 compared to Hf atoms in Hf35Ni65. The
difference �dNbNb for Nb40.5Ni59.5 is also slightly smaller
in comparison to �dZrZr, and thus Nb atoms are denser
packed compared to Zr atoms, even though the value for
�dNbNb is in between �dZrZr and �dHfHf. Here one also
should bear in mind the slightly different stoichiometry of
Nb40.5Ni59.5. The reduced differences �dHfHf and �dNbNb

compared to �dZrZr are the most striking features between
the alloy melts. This suggests that the sluggish diffusion in
Hf35Ni65 and Nb40.5Ni59.5 might arise from the locally higher
packing density of the larger atomic species, identified by
the smaller differences �dNbNb and �dHfHf. On the other
hand, the average packing fractions of the melts derived from
density measurements are roughly equal, and the deviation is
smaller than 2% among Zr36Ni64, Hf35Ni65, and Nb40.5Ni59.5

[33]. Thus, the average packing fractions cannot be correlated
with the differences of the self-diffusion coefficients in these
melts. Consequently, a local effect in the SRO, such as the
locally higher packing densities of Hf and Nb atoms, might be
the reason for the observed variations in the atomic dynamics
when substituting the early transition-metal component.

C. Mode-coupling theory and structure-dynamics relation

In order to analyze the structure-dynamics relation in more
detail, the partial static structure factors of Hf35Ni65 at 1510
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and 1615 K shown in Fig. 5 were used as an input for MCT to
calculate transport coefficients. The MCT results for calculated
Hf and Ni self-diffusion coefficients are shown in Fig. 7 as full
symbols.

The deviation of MCT from the QENS results on the
absolute scale is as a result of the fact that the temperature
enters only as an indirect parameter in MCT calculations.
This has been discussed in Ref. [38] in detail for Zr50Ni50.
Remarkably, MCT and QENS results for Hf35Ni65 in Fig. 7
show a similar temperature dependence and thus a roughly
identical activation energy for self-diffusion coefficients.
Despite the very small changes in the partial static structure
factors caused by a temperature increase of about 105 K, MCT
can accurately reproduce the activation energy of the diffusion
coefficients. The remarkably good agreement of activation
energies between QENS and MCT results has also been
observed for Zr50Ni50 by a temperature increase over 220 K
[38]. Moreover, the dynamical decoupling observed here in the
QENS results, i.e., Ni atoms diffuse faster than Hf atoms, can
be reproduced by the MCT calculations as well (Fig. 7). The
decoupling found in the MCT results (DNi/DHf = 1.8) is close
to the experimental QENS results, which reveal a decoupling
of roughly a factor of 2. Although static partial structure factors
only provide space- and time-averaged structural information
of the alloy melt, they are sufficient to reveal the dynamical
decoupling of the diffusion coefficients as well as the activation
energy for self-diffusion when serving as an input for MCT.

We also have calculated the Nb and Ni self-diffusion
coefficient of Nb40.5Ni59.5 by MCT using measured partial
static structure factors as an input [40]. As illustrated by MCT
results in the upper panel of Fig. 8, a dynamical decoupling
also is predicted for Nb40.5Ni59.5 (DNi/DNb = 1.4). However,
the ratio of the Ni and Nb self-diffusion is smaller compared
to Hf35Ni65 (DNi/DHf = 1.8) and Zr36Ni64 (DNi/DZr = 1.8).

In order to investigate the impact of the different atomic
sizes on dynamical behavior without any contributions of the
CSRO, we utilized a hard-sphere (HS) model approximation
where chemical interactions between atoms are neglected and
the packing density is the only input parameter. In doing
so, we consider the case of Nb40.5Ni59.5 where the atomic
radius of Nb (rcov = 1.34 Å) is slightly smaller compared to
Zr (rcov = 1.45 Å) and Hf (rcov = 1.44 Å), thus allowing us to
investigate the impact of the atomic size of the early transition
metal [21]. With a rcov = 1.15 Å for Ni the size ratio amounts
to 1.17 for Nb40.5Ni59.5 and to 1.26 for Zr36Ni64 (see the
black crosses in the upper panel of Fig. 8). Results out of the
HS approximation indicate a ratio between the self-diffusion
coefficients of larger and smaller atoms of ≈1.6 for the HS
mixture with the corresponding size ratio of Nb40.5Ni59.5 and
of ≈2.0 for the HS mixture with the corresponding size ratio
of Zr36Ni64. Since the ratio for Nb40.5Ni59.5 is smaller in MCT
calculations (DNi/DNb = 1.4) as well as in the HS model
(≈1.6), one might assume that the smaller atomic size of Nb
in contrast to the larger atomic size of Zr may lead to the
reduced ratio of dynamical decoupling. However, the ratio is
influenced by a different CSRO and other influencing factors,
which unfortunately prevents a conclusive explanation.

For Zr-Ni melts it has been argued that the decoupling effect
may be explained by an excess of less-strongly interacting
Ni atoms, which can diffuse more freely in a background
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FIG. 8. Upper panel: Ratio of the self-diffusion coefficients for
Zr36Ni64, Zr50Ni50, Zr64Ni36, Hf35Ni65, and Nb40.5Ni59.5 calculated
by MCT using measured partial static structure factors are plotted as
red diamonds [38]. The black crosses are the ratio of the atomic
sizes (rx

cov/rNi
cov; x = Zr, Hf, and Nb). Lower panel: Fractions of

atomic nearest-neighbor pairs as a function of Ni concentration for
Zr36Ni64, Zr50Ni50, Zr64Ni36, Hf35Ni65, and Nb40.5Ni59.5 [38,40].

of saturated unequal atomic nearest-neighbor pairs [38]. For
this purpose, the different fractions of atomic nearest-neighbor
pairs Nxy have been determined by using the the coordi-
nation numbers Zxy , the atomic concentrations cx (x,y =
Ni, Zr, Nb, and Hf), and the following equations:

Nxx = cxZxx

〈Z〉 , Nxy = cxZyx + cyZxy

〈Z〉 . (5)

The results are compiled in Table V and illustrated in Fig. 8.
As shown in the figure, in Zr64Ni36 the fraction of Ni-Ni

nearest-neighbor pairs NNiNi, which represents the amount
of excess less-strongly interacting Ni atoms, is only around
7%. With an increasing amount of Ni in the Zr-Ni melt,

TABLE V. Fraction of different atomic nearest-neighbor pairs
Nxy (x,y = Zr, Hf, Nb, and Ni).

x-Ni %Ni T (K) Nxx NxNi NNiNi Reference

Zr-Ni 36 1375 48% 46% 7% [38]
50 1445 32% 55% 13% [38]
50 1665 32% 55% 14% [38]
64 1385 16% 54% 30% [38]

Hf-Ni 65 1510 14% 55% 30% This paper
65 1615 15% 53% 31% This paper

Nb-Ni 59.5 1495 18% 55% 28% Calc. from data
of Ref. [40]

x = Zr, Hf, or Nb.

054201-8



EFFECT OF COMPONENT SUBSTITUTION ON THE . . . PHYSICAL REVIEW B 96, 054201 (2017)

NNiNi increases, and diffusion becomes decoupled because
of an increased amount of excess Ni atoms with higher
mobility, which can diffuse more freely in a background
of saturated heterogeneous nearest-neighbor pairs [38]. In
the Ni-rich alloys Zr36Ni64, Hf35Ni65, and Nb40.5Ni59.5, the
fraction of Ni-Ni nearest-neighbor pairs NNiNi is roughly equal.
Remarkably, the fraction of heterogeneous nearest-neighbor
pairs is also equal (NZrNi ≈ NHfNi ≈ NNbNi ≈ 55%), despite
the differences in the atomic radii of the early transition metals
between Nb and Zr/Hf. The saturation effect seems to be the
origin for the experimentally as well as theoretically observed
dynamical decoupling of diffusion coefficients of different
alloy components in the Ni-rich binary metallic melts, which
have been studied in the framework of this paper.

IV. SUMMARY

In conclusion, we have investigated the microscopic
structure-dynamics relation in Ni-rich binary metallic melts
with different early transition metals with a focus on the tem-
perature dependence as well as the relative dynamical behavior
between different alloy components. The three questions that
have been emphasized at the end of the Introduction will be
answered accurately below.

Our results indicate that the sluggish diffusion and the
increased activation energy for self-diffusion coefficients ob-
served for Hf35Ni65 and Nb40.5Ni59.5 in comparison to Zr36Ni64

can be related to a locally higher packing density of Hf and Nb
atoms in Hf35Ni65 and Nb40.5Ni59.5 compared to the Zr atoms in
Zr36Ni64. Although the overall average packing fraction of the
melts is roughly equal, these distinct differences concerning
the local atomic packing of the larger atomic species have been
identified by analyzing partial pair-correlation functions. As a
generic effect in the Ni-rich binary melts we have studied, we
find a dynamical decoupling of the diffusivities of the atomic
species, and that this decoupling is driven by a saturation of
chemical interactions of Ni. Although the investigated melts

generally show pronounced chemical ordering that in turn
suggests atomic diffusivities to be coupled strongly, beyond
a certain Ni concentration, the diffusivity of Ni is dominated
by “unbound,” and thus faster, Ni atoms. This effect was first
observed in Zr-Ni melts [38], and our present investigation
shows that it applies to Hf-Ni and, as predicted by MCT,
to Nb-Ni as well. This suggests that the effect of dynamical
decoupling caused by a saturation effect is not restricted to
special atomic interactions or a specific type of SRO and
thus might be extended to other metallic melts with preferred
heterogeneous nearest-neighbor pairs, such as Zr-Co [19] or
Al-Ni [43]. Moreover, the saturation effect may explain the
dynamical decoupling observed in multicomponent metallic
melts, e.g., Zr46.75Ti8.25Cu7.5Ni10Be27.5 [14] and maybe even
in nonmetallic systems.

Structural parameters, such as nearest-neighbor distances
and fractions of different atomic nearest-neighbor pairs, de-
rived from experimentally measured partial structure factors,
characterize the SRO and are able to explain the observed
dynamical effects for the three investigated alloys. In addition,
the experimentally observed dynamical behavior could be
reproduced by MCT using measured partial structure factors
as an input to calculate transport coefficients. The MCT and
QENS results show a remarkably good agreement concerning
activation energy and dynamical decoupling. This highlights
that the time- and space-averaged structural information
provided by measured partial structure factors determines the
temperature dependency of self-diffusion coefficients as well
as the relative dynamical behavior between different alloy
components.
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